ABSTRACT Japanese quail lines were divergently selected over 32 generations for laying hen plasma yolk precursor, as measured by total plasma phosphorus (TPP). The high (HP) and low (LP) lines were developed from a randombred control population (R1) that was maintained without conscious selection. The purpose of the present study was to characterize the composition of very low density lipoproteins (VLDL) in laying Japanese quail hens (VLDLy) and the concentration of selected hormones in laying hens from the HP, LP, and R1 lines.
INTRODUCTION
Divergent selection of Japanese quail lines for total plasma phosphorus (TPP) at the onset of lay was initiated by Nestor et al. (1982) to study the inheritance of plasma yolk precursor and the genetic relationship of yolk precursor to growth and reproduction traits. The TPP concentration was demonstrated to be highly correlated to total lipids (TL) in plasma lipoproteins of density < 1.006 g/ mL very low density lipoprotein (VLDL) in laying quail . The lines were developed from a randombred control population (R1) by selection for high (HP) and low (LP) TPP early in reproduction. The R1 line 1 Salaries and research support provided by state and federal funds appropriated to the Ohio Agricultural Research and Development Center, The Ohio State University. Manuscript Number 139-97. 2 Current address: Department of Poultry Science, Texas A&M University, College Station, TX 77843-2147. 3 To whom correspondence should be addressed: Bacon.2@osu .edu 1241 lipid metabolism were also different among lines, with luteinizing hormone (LH) ranking HP > R1 = LP and triiodothyronine (T 3 ), thyroxine (T 4 ), and 17β-estradiol ranking HP > R1 > LP (P ≤ 0.05). The results suggest possible increased rates of hepatic lipogenesis, hepatic VLDLy assembly and secretion, and plasma VLDLy concentration in association with increases in concentrations of plasma LH, T 3 , T 4 , and 17β-estradiol. Concentrations of total lipids in yolk VLDL were not different among lines, and only minor line differences in the concentration of different classes of yolk VLDL neutral lipids were detected. The data indicate a preferential uptake of a specific plasma VLDLy subpopulation into rapidly growing ovarian follicles, resulting in a constant composition of yolk VLDL of laid eggs among lines of Japanese quail with large differences in plasma VLDLy concentration.
was maintained without conscious selection. Egg production rate of the HP line declined with selection but there was no significant change in the LP line (Nestor et al., 1996b) . Nestor et al. (1996a) reported that the realized heritabilities of TPP in the HP line were 0.29, 0.17, and 0.14 in Generations 1 to 10, 11 to 20, and 21 to 30, respectively, whereas the heritability of TPP in the LP line was 0.35 in the first 10 generations and close to zero in the next 20 generations of selection.
Onset of lay in hens and estrogen treatment in chicks are both accompanied by large increases in plasma lipids (Kudzma et al., 1975) . Most (> 90%) of this increased lipid is triglyceride (TG) and can be isolated in plasma lipopro-teins that float after ultracentrifugation at a background density of 1.006 g/mL (Kudzma et al., 1975 (Kudzma et al., , 1979 Griffin et al., 1982; Hermier et al., 1985 Hermier et al., , 1989 . In comparison to male and immature female birds, sexually mature female birds and estrogenized birds have been characterized by changes in plasma lipids, including a more uniform and smaller particle size of plasma VLDL, a continuum of the density distribution of plasma lipoproteins, altered apolipoprotein (AP) profile of plasma VLDL, presence of vitellogenin in plasma, enormously elevated concentrations of plasma VLDL, and increased content of TG in the VLDL (Kudzma et al., 1975 (Kudzma et al., , 1979 Griffin et al., 1982; Hermier et al., 1985 Hermier et al., , 1989 . During the period of lay, the flow of hepatically synthesized VLDL is largely partitioned to uptake by ovarian follicles instead of peripheral tissues Bacon, 1994) . Thus, VLDL in laying hens is different than VLDL in males and nonlaying females and hereafter will be designated VLDLy.
In ovarian follicles, yolk deposition is achieved through receptor-mediated endocytosis in follicles in the stage of rapid development Nimpf et al., 1988) . The distribution of VLDLy particle diameters was related to egg production (Walzem et al., 1994 , Walzem, 1996 , leading to the hypothesis that the livers of egglaying hens assemble unique VLDLy particles specifically targeted for yolk deposition. Yolk targeting among VLDL particles, including VLDLy, was hypothesized to depend upon lipoprotein physical properties (Walzem, 1996; Walzem et al., 1999) , including particle diameter. The hens' fundamental capability for and persistence in VLDLy assembly appears to be influenced by genetics and environmental factors (Walzem et al., 1994 (Walzem et al., , 1999 .
In chickens, secretion of 17β-estradiol by the thecal cells of smaller ovarian follicles has been demonstrated (Bahr et al., 1983) , and depends upon luteinizing hormone (LH) in a dose-dependent manner (Robinson and Etches, 1986) . This finding suggests a vital role of LH in stimulating steroidogenesis in both nonhierarchical and hierarchal follicles in birds, and in regulating ovarian follicular growth.
In other studies, a negative correlation between plasma triiodothyronine (T 3 ) level and carcass fat was observed in a fat line of growing broilers in association with increased activity of hepatic lipogenic enzymes (Stewart and Washburn, 1983) , but the depression of circulating T 3 was reported to result in the decrease of hepatic malate dehydrogenase activity and subsequent de novo lipogenesis in chickens (Goodridge, 1975) . Thus, thyroid hormones are speculated to exert dual effects on hepatic lipogenesis and adipose tissue lipolysis.
To better understand the relationship between plasma lipoprotein concentration and reproduction traits in the lines of laying quail divergently selected for TPP, the concentrations and fractional compositions of plasma VLDLy and yolk VLDL were characterized and the 4 Beckman, Palo Alto, CA 94304.
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VLDLy particle diameters and their distributions were determined. In addition, basal concentrations of plasma LH, T 3 , thyroxine (T 4 ), and 17β-estradiol in laying females of the three lines were measured.
MATERIALS AND METHODS

Animals and Sampling Methods
Laying quail (32 per line) from the 32nd generation of selection in the HP and LP lines and a corresponding sample of the R1 line were used. The quail lines have been previously described by Nestor et al. (1982) and selection results summarized by Anthony et al. (1990) and Nestor et al. (1996a,b) . The quail were housed in individual cages at about 10 wk of age, provided a turkey layer diet (Naber and Touchburn, 1970) and water for ad libitum consumption, and exposed to stimulatory light of 14 h/d. Blood samples (1.5 mL) were collected via the jugular vein with EDTA as the anticoagulant. For the determination of VLDLy particle number and size characteristics, the first set of blood samples was collected near the middle of a 120-d production period between the 3rd and 5th h in the photoperiod. Egg production averaged 85.7% at that time. The second set of samples was collected about 1 to 2 wk later and was used for determination of VLDLy composition. A third set of blood samples, used for hormone assays, was taken near the end of a 120-d period of production. This set of samples was collected between the 11th and 14th h of the photoperiod from hens that had laid for at least 3 consecutive d, after individual hens had oviposited the collection day egg. Cumulative egg production over the 120-d production period averaged 67, 83, and 90% for the HP, LP, and R1 lines, respectively. Eggs were collected at about 120 d of production and were analyzed on the same day they were collected.
Assay of Particle Size Distribution of Very Low Density Lipoproteins
Lipoproteins were isolated from 0.5 mL of plasma at a background density of 1.020 g/mL by floatation ultracentrifugation (148,600 × g at 4 C for 20 h) in a Beckman 50.4 rotor. 4 The diameters and size distributions of plasma VLDL particles were measured by dynamic laser light scattering by the method of Walzem et al. (1994) using a Microtrack Series 9200 Ultrafine Particle Analyzer. Briefly, this method records light scattering and subsequent frequency Doppler-shifting of that light caused by Brownian motion of the suspended VLDL particles. The Doppler effect is proportional to particle velocity. Velocity distribution is a known function of particle size, fluid temperature, and fluid viscosity. Both temperature and viscosity of the surrounding fluid are known; thus, with compensation, the velocity distribution becomes a unique function of particle diameter distribution. The results of this primary data collection can be expressed in different ways in order to adequately describe different aspects of the same VLDL particle population with respect to their colloidal properties (Walzem, 1996) . These descriptions are collectively termed density functions and include particle number, particle area, and particle volume distributions. Particle number distribution describes the frequency distribution of VLDL particles of the specified diameter (e.g., a quail hen could be found to have 19.5% of all VLDL as 25.5-nm particles). Particle volume distribution 6 describes the distribution of total VLDL volume among particles of different diameters (e.g., the same quail hen could have 5.9% of all VLDL volume contained within particles 51.1 nm in diameter). The two distributions provide complementary information: for the example quail hen, the 25.5-nm VLDL particles accounted for 6.74% of total VLDL volume, and the 51.1-nm VLDL particles accounted for 1.9% of VLDL particle number. In highly productive Single Comb White Leghorn hens, particle number distribution is nearly superimposable upon particle volume distribution. Particles of VLDLy are spherical in shape, and the diameter of a sphere is a function of particle radius (diameter = 2r). Particle volume distribution is rather sensitive to the presence of small numbers of larger diameter particles because the volume of a sphere increases as a cubic function of particle radius (volume = 4/3 πr 3 ). A third distribution, particle area distribution, is calculated using information from both particle number and particle volume distribution. Particle area distributions are often calculated first because they are less sensitive to the presence of a few large particles. Particle area, number, and volume distributions are collectively termed density functions of lipoprotein particles, including VLDLy.
Determination of Total Plasma Phosphorus
Total plasma phosphorus was measured (Strong et al., 1978) in duplicate 20 µL subsamples from all blood samples collected. The method is linear to 3,000 µg phosphorus/mL plasma.
Extraction of Lipids and Purification of Neutral Lipid Subclasses
Lipoproteins of density > 1.006 or < 1.006 g/mL were isolated from 0.5 mL plasma or yolk [yolk was diluted in 4 vol of density solution (0.85% NaCl plus 0.01% EDTA, density = 1.006 g/mL)] by floatation ultracentrifugation using a Beckman 40.2 rotor 4 (110,000 × g at 20 C for 22.5 h) as described by Bacon et al. (1982) . The TL of collected plasma and yolk lipoproteins were extracted twice using a ratio of solvent (diisopropyl ether:n-butanol, 6:4) to lipo-6 Volume distributions can be converted to weight distributions if all particles are known to have the same specific gravity. This assumption was not made in the present study, as VLDL could only be described as <1.02 g/mL, with a possible range of 0.90 to 1.02 g/mL. protein solution of 2:1 (Cham and Knowles, 1976) , leaving the proteins in the aqueous layer. The upper solvent layers were combined in tared vials and evaporated at 65 C in a vacuum oven flushed with nitrogen. Neutral lipid (NL) and phospholipid (PL) fractions were then separated by the method of Ding et al. (1995) using a small silica gel column 7 for chromatography. The eluting solvents were collected in tared vials and evaporated at 55 C in a vacuum oven flushed with nitrogen.
The NL fractions were further separated into cholesteryl ester (CE), TG, cholesterol (C), and other minor components (O, mainly diglycerides) classes by a HPLC method modified from Bacon et al. (1982) . The HPLC system uses a silica gel column 7 (600Si, 0.46 × 25 cm, and 10 µm pore size) and a solvent flow rate of 2.0 mL/min. The NL subclasses were eluted and separated as follows: CE with 6 mL of 2% methyl t-butyl ether (MtBE) in hexane, followed by TG with 14 mL of 6% MtBE in hexane, followed by C with 10 mL of 25% MtBE in hexane, and, finally, O with 10 mL of 25% MtBE in hexane and 7 mL of 100% MtBE in hexane. During elution, the effluent was monitored by flow-through absorbance at 210 nm, then collected in tared vials and solvent evaporated at 60 C in a vacuum oven flushed with nitrogen.
The TL, NL, PL, CE, TG, C, and O fractions were quantitatively determined by gravimetric weights except CE and C of plasma samples from the LP line. The CE and C of plasma samples from the LP line were measured by an enzymatic method according to the instructions enclosed in the Sigma 8 C determination kit (Catalog Number 352-20).
Apoprotein Concentration and Electrophoresis
After TL extraction, the delipidated aqueous layers from VLDL containing apoproteins were lyophilized. Apoprotein powders of samples and standard (bovine serum albumin) were resolubilized in a modified reducing buffer containing 1% SDS, 10 mM Tris-HCl, and 1 mM dithiothreitol. PH 7.0 (Hermier et al., 1988) and incubated for 2 h at 37 C. The concentration of apoproteins was measured according to the directions enclosed in the Bio-Rad DC Protein Assay Kit (Catalog Number 500-0112).
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For samples destined for electrophoresis, gentamicin (50 µg/mL), aminocaproic acid (0.35 mg/mL), reduced glutathione (0.5 mg/mL), butylated hydroxytoluene (50 µg/mL), and phenylmethylsulfonylfluoride (0.35 mg/ mL) were added to plasma samples prior to ultracentrifugation. The samples were resolubilized in 0.5 vol of SDS containing reducing application buffer (3% SDS, 0.0625 M Tris-HCl, 10% glycerol, and 5% mercaptoethanol, pH 6.8), and heated at 90 C for 5 min prior to final dilution and gel application. One-dimensional SDS-PAGE under reducing conditions was performed by the method of Laemmli (1970) using 4 to 20% gradient minigels (Catalog Number P 7841) 8 at 125 V and 4 C for 2.5 h. Gels were fixed for 2 h in a solution containing 50% (vol/vol) metha-nol, 40% (vol/vol) distilled water, and 10% (vol/vol) glacial acetic acid, then stained for 4 h in this solution with 0.05% Coomassie brilliant blue R-250. Finally, the samples were destained for 2 h in 5% (vol/vol) methanol, 88% (vol/vol) distilled water, and 7% (vol/vol) glacial acetic acid. A PDI densitometer 10 was used to scan the destained gels.
Hormone Assays
Chicken LH (USDA-cLH-I-3) 11 was radio-ionated as described by Chapman et al. (1994) . The LH RIA was performed by the method of Bacon et al. (1994) . Volumes of plasma sample and LH antiserum (USDA-AcLH-5), diluted 1:12,500 in EDTA-PBS buffer) used in the assay were 50 and 100 µL, respectively. Rate of recovery of cLH, determined by adding various amounts of cold chicken LH standard (USDA-cLH-K-3) to 100 µL of quail plasma pooled from the three lines of quail, was 95.4 ± 2.4%.
The RIA for T 3 (Catalog Number 07-290104) and T 4 (Catalog Number 07-2921050) were conducted according to the instructions enclosed in the ICN kits. 12 The volume of plasma for both assays was 25 µL. Recovery of standard T 3 and T 4 added to 50 and 25 µL of plasma pooled from the three lines of quail was 108.1 ± 1.1% and 104.8 ± 7.2%, respectively.
To extract plasma for the 17β-estradiol assay (Doi et al., 1980) , 3.5 mL diethyl ether was added to 300 µL plasma or diluted plasma samples [plasma from the HP line was diluted 1:1 with sodium phosphate buffer (0.05 M and pH 7.6) prior to extraction]. After extraction, solvent was evaporated under an air stream at room temperature. Dried samples were redissolved in 1.25 mL RIA buffer (0.05 M Tris-HCl, 0.1 M NaCl, NaN 3 , and gelatin 1.0 g/ L; pH 8.0) and sonicated for 10 min, and then two 0.50 mL aliquots removed to 12 × 75 mm glass culture tubes for RIA. The extraction recovery rate, determined by adding tritiated 17β-estradiol 8 into 200 µL pooled plasma from the three lines was 101.1 ± 1.7%. The RIA for 17β-estradiol was modified from the method of Yang et al. (1997) . Antiserum 13 for 17β-estradiol was diluted 1:2,500 with RIA buffer and 100 µL of diluted antiserum per tube was used in the assay. Recovery of different amounts of unlabeled 17β-estradiol added to 200 µL pooled plasma from the three lines was 105.2 ± 5.3%.
The sensitivities of the assays were 0.63, 0.016, 0.42, and 0.096 ng/mL plasma for LH, T 3 , T 4 , and 17β-estradiol, respectively. The intra-assay CV for a single pool of quail plasma from the three lines was 17.7% for LH, 8.5% for T 3 , and 5.0% for T 4 . For 17β-estradiol, intra-assay CV of plasma pools from the R1, HP, and LP lines were 18.5, 16.6, and 18.3%, respectively. Serial dilutions of a pool of plasma from the three lines were used to validate the assays for LH, T 3 , T 4 , and 17β-estradiol for parallelism with their respective standards. All plasma dilutions were parallel with their respective standards (P ≥ 0.05, data not shown).
Statistical Analysis
The effect of line was evaluated in VLDLy fractional lipid concentrations and relative percentages and in concentration of hormones by one-way ANOVA. Significant differences among line means were evaluated by Duncan's multiple range test. Concentrations of TL, NL, PL, CE, TG, C, and O were transformed to the natural logs prior to analysis. Differences between relative concentrations of yolk VLDL and VLDLy within lipid class and within line were compared by ANOVA.
The effect of line and sampling time on concentration of TPP was evaluated by ANOVA, with main effects of line and sampling time, and their interaction. After determination of an interaction effect, separate ANOVA of sampling times within line were conducted. Means were separated by Duncan's multiple range test.
Populations of VLDL isolated from individual hens cannot be assumed to be normally distributed or even monomodal. Thus, mean particle diameter is an inadequate statistical index for VLDL diameter distributions. To overcome this limitation, population percentiles for VLDL from groups of hens were calculated following transformation of density functions reported for individual hens into accumulation plots. In percentile distributions, the pth percentile was defined as the point in the distribution where the pth percentage of the accumulated percentage is on its left and the 100th percentage is on the right. Medians were used to test for line differences due to a generalized right-skewness in particle diameter distributions. The variability of individual medians at each of the population percentiles was estimated by calculating the 10th and 90th percentiles for that median. Multivariate ANOVA was used to evaluate the effect of lines and to take into account that the estimated percentiles of each individual were positively correlated. Univariate ANOVA and nonparametric methods were used to test for line differences at every 10th percentile from the 10th to the 90th.
RESULTS
After 32 generations of selection for laying hen TPP, plasma TPP concentrations of the HP and LP lines diverged to reach values relative to the R1 line of 3.1 to 3.5 and 0.39 to 0.47, respectively, during repeated sampling (Table 1 ). The differences in concentration of TPP between lines were consistent at each age of sampling, but slight changes in TPP concentration were detected between ages of sampling within line. The second set of samples, collected within 1 to 2 wk of the first set of samples, had slightly higher TPP concentrations (18 to 26% increase) than the first set, but by the third set of samples, collected about 2 mo after the first set of samples, the TPP concen- Means (±SEM) in the same row with no common superscript differ (P < 0.05).
x-z Means (±SEM) in the same column with no common superscript differ (P < 0.05).
1
Duplicate 20-µL plasma samples were analyzed for total plasma phosphorus at each assay. 2 R1 = nonselected randombred control line; HP = subline of R1 selected for increased plasma yolk precursor; LP = subline of R1 selected for decreased plasma yolk precursor.
3 Sets 1, 2, and 3 were used to measure very low density lipoprotein (VLDL) partial size, VLDL composition, and plasma hormone concentrations, respectively. Set 2 was collected about 1 wk after Set 1 and at about 60 d of egg production, and Set 3 was collected at about 120 d of egg production.
trations were either not different from the first set (Lines R1 and HP) or remained slightly elevated as in the second set of samples (Line LP).
The raw density function plots for VLDLy particle area distribution are given in Figure 1 . There was extensive overlap in VLDLy particle diameter distributions with 71, 77, and 78% of all VLDLy possessing diameters between 23.4 and 46.0 nm in the LP, HP, and R1 lines, respectively. However, the curve for HP appeared to represent a generally larger spectrum of VLDLy particles. Testing of percentile distributions of VLDLy area accumulation plots showed that circulating plasma VLDLy particles from the HP line were significantly larger (P < 0.01) than those of the R1 and LP lines at the 20th through 80th area percentiles (Figure 2) .
To better define the basis for these differences, percentile distributions for both VLDLy number and VLDLy FIGURE 1. Diameter distributions of plasma lipoproteins of density < 1.006 g/mL in three lines of Japanese quail. R1 = randombred control line; HP = subline of R1 selected for increased plasma yolk precursor; and LP = subline of R1 selected for decreased plasma yolk precursor.
volume distributions were calculated from the appropriate accumulation plot. Results from line comparisons at each percentile level for VLDLy particle number distribution showed that the HP line had larger (P < 0.01) median VLDLy diameters than the other two lines at each FIGURE 2. Distribution percentiles of laying hen very low density lipoprotein (VLDLy) particle density functions (number, area, and volume) among the three lines of Japanese quail selected for laying hen total plasma phosphorus. R1 = nonselected randombred control line; HP = subline of R1 selected for increased total plasma phosphorus; LP = subline of R1 selected for decreased total plasma phosphorus. A) Number population percentile plotted against particle diameter. B) Area population percentile plotted against VLDLy particle diameter. C) Volume population percentile plotted against particle diameter. *Line HP greater than Lines R1 and LP within percentile class and density function, P < 0.05. Means (±SEM) in the same column with no common superscript differ (P < 0.05).
1 VLDL was isolated from 0.50 mL plasma by ultracentrifugation.
2 R1 = nonselected randombred control line; HP = subline of R1 selected for increased plasma total phosphorus; LP = subline of R1 selected for decreased plasma total phosphorus. accumulation percentile (Figure 2 ). This finding supports the interpretation that most VLDLy particles in HP hens were larger than VLDLy from either R1 or LP hens. The median VLDLy diameters at the 90th percentile of the particle number distribution were 39.9, 39.0, and 43.7 nm for R1, LP, and HP lines, respectively. Line comparisons for particle volume population percentiles confirmed that VLDLy from HP hens were generally larger (P < 0.01) than those of R1 hens at each population percentile ( Figure  2 ). In contrast, comparisons of VLDLy particle volume population percentiles from HP and LP hens showed that median VLDLy volume diameters for HP hens were larger (P < 0.01) than those of LP hens only at the 10th to 50th percentiles. Median volume diameters for LP VLDLy were similar to those of HP hens at the 60th to 90th population percentiles, and significantly larger than those from the R1 Line at the 80th and 90th population percentiles. These data suggest that a separate distinctly large diameter VLDL population was a component of the overall VLDL population of LP hens. The median VLDL diameters at the 90th percentile of the particle volume distribution were 65.6, 102.2, and 86.9 nm for the R1, LP, and HP lines, respectively.
The concentrations of TL and AP in VLDLy ranked as HP > R1 > LP among lines (Table 2 ). The concentration of VLDLy (TL + AP) was 134, 16.2, and 4.2 mg/mL, respectively for the HP, R1, and LP lines. Thus, relative to the R1 line, the HP line had an 8.3-fold greater concentration of VLDL-L, whereas the LP line had a concentration that was only 0.26 as great. Also, the concentration of VLDL-L in the HP line was 32 fold greater than in the LP line. For percentage of TL, the lines were ranked HP > R1 > LP. Conversely, for the percentage of AP, the lines were ranked LP > R1 > HP. For all lines, electrophoresis of AP of plasma VLDLy under reducing conditions showed two major bands, the 6-kDa (apo-II) band and a larger than 200-kDa band (apo-B100, approximately 500 kDA) (Figure 3) . A third band (approximately 29 kDa) of relatively low intensity was observed in all lines.
Relative to the R1 line, the concentrations of TL, NL, and PL in the VLDLy were 8.8, 9.7, and 7.4 in the HP line and in the LP line they were 0.25, 0.23, and 0.27, respectively (Table 3) . Percentage of NL in these plasma lipoproteins were ranked HP > R1 > LP and, conversely, percentage of PL were ranked LP > R1 > HP. Relative to the R1 line, the concentrations of TL, NL, and PL for the d > 1.006 g/mL lipoproteins were 1.4, 1.5, and 1.3 in the HP line, whereas in the LP line they were 0.7, 0.7, and 0.7, respectively. Differences in percentage of NL and PL were observed only between the HP and LP lines for the d > 1.006 g/mL lipoproteins.
No significant changes were found in percentage NL and PL in yolk VLDL (Table 3 ) among the lines. Also, no significant differences were found in percentage NL and PL of yolk VLDL total lipids among the lines.
The concentrations of NL subclasses (CE, TG, and C) in the plasma VLDLy were ranked HP > R1 > LP among lines (Table 4 ). The percentage of TG ranked HP > R1 > LP among lines, whereas the concentrations of CE and C ranked LP > R1 > HP. The concentrations and percentage of the CE and O classes of lipids in yolk VLDL were slightly higher in the LP line than in the other two lines. Concentration and percentage of C in yolk VLDL was lowest in the HP line, but the percentage of TG was greatest in the HP line.
The percentage NL of the R1 and LP lines was higher (P ≤ 0.05) in yolk VLDL than in plasma VLDLy, whereas FIGURE 3. Apoprotein profiles of plasma lipoproteins of density <1.006 g/mL in Japanese quail lines selected for increased (HP) and decreased (LP) plasma yolk precursor and their randombred control (R1). Electrophoresis was performed under reducing conditions on a 4 to 20% SDS polyacrylamide minigel. Lanes 1 and 8 were loaded with standard molecular weight marker proteins (Catalog Number 161-0324, BIORAD, Hercules, CA 94547). Isolated very low density lipoprotein apoproteins (apo) were loaded in Lanes 2 and 6 for the HP line (25 µg), Lanes 3 and 5 for the LP line (5 and 10 µg, respectively), and Lanes 4 and 7 for the R1 line (15 and 10 µg, respectively) . Apo-B = major band presumed to be apo-B100. Means (±SEM) in the same column within lipoprotein class with no common superscript are different (P < 0.05). 1 R1 = nonselected randombred control line; HP = subline of R1 selected for increased plasma total phosphorus; LP = subline of R1 selected for decreased plasma total phosphorus.
2
Lipoproteins were isolated from 0.50 mL plasma or 0.10 mL yolk by ultracentrifugation. Recovery rate of NL and PL from TL after silica gel column chromatography separation was 95.5 ± 2.6% for the d <1.006 g/mL plasma lipoproteins, 95.9 ± 2.8% for the d >1.006 g/mL plasma lipoproteins, and 96.4 ± 1.5% for the d <1.006 yolk lipoproteins.
the reverse was true for the HP line (Table 3) . Conversely, the percentage of PL was higher (P ≤ 0.05) in plasma VLDLy than in yolk VLDL, whereas the reverse was true for the HP line. In NL subclasses of lipids, percentages of CE in VLDLy of the R1 and LP lines were slightly lower than in yolk VLDL but there were no differences between VLDLy and yolk VLDL for the HP line (Table  4) . There was no difference in percentage TG between plasma VLDLy and yolk VLDL in the R1 line, however, the HP line had a higher and the LP line a lower percentage TG concentration in plasma VLDLy. The percentage of C was not different between VLDLy and yolk VLDL in the R1 line. In the HP line, however, the percentage of C was lower in VLDLy than in yolk VLDL and the reverse occurred in the LP line. No difference between VLDLy and yolk VLDL were detected in the O class of lipids.
The basal plasma levels of LH after oviposition differed in the three lines, with a ranking of HP > R1 = LP among the lines (Table 5 ). The basal level of 17β-estradiol was ranked HP > R1 > LP among the lines. Both plasma T 3 and T 4 concentrations were ranked HP > R1 > LP among the lines.
DISCUSSION
Laying HP quail had generally larger circulating plasma VLDLy than either R1 or LP hens. In VLDLy particle size analysis, similar median particle diameters at individual population percentiles within both number and volume distributions indicates that the bulk of core lipid is evenly distributed among all VLDLy particles. Analysis of both VLDL particle number and volume distributions indicated that LP laying quail had two physically distinct VLDL populations. In the LP line, the median particle diameter at the 90th percentile of the particle number distribution was 39 nm, whereas the median particle diameter at the 90th percentile of the particle volume distribution was 102 nm. This disparity indicates that much of the VLDL core lipid (TG + CE) measured in the plasma of LP hens was carried in a subpopulation of large (> 39 nm) VLDL particles. Disparity in number and volume distributions were lowest in the R1 line, with median values of 40 and 66 nm for the 90th percentile of number and volume, respectively.
It is not possible to determine from the present data whether these differently sized VLDL in the LP line are exclusively of hepatic origin. The larger sized population could be portomicrons of gut origin, although this is unlikely given the low fat content of the laying diet fed in this study. The subpopulation of larger diameter VLDL could also arise from renal VLDL assembly (Tarugi et al., 1998) , although particles recovered in that in vitro study were relatively TG-poor and of densities greater than 1.02 g/mL. However, photomicrographs of intact chicken kidneys show that VLDL as large as 60 nm in diameter are assembled, and it is likely that size and density of renal VLDL depends upon availability of free fatty acid within the renal ultrafiltrate (Walzem et al., 1999) . In egglaying hens, in which hepatic VLDL assembly is focused on formation of the lipase-resistant VLDLy particle, renal VLDL assembly could support maternal lipid requirements during egg production (Walzem et al., 1999) . The Means (±SEM) in the same column within plasma or yolk class of lipoprotein with no common superscript differ (P < 0.05).
1 R1 = nonselected randombred control line; HP = subline of R1 selected for increased total plasma phosphorus; LP = subline of R1 selected for decreased total plasma phosphorus. very low circulating levels of VLDLy in LP hens could provide conditions that allow renal VLDL to be apparent. Walzem (1996) reported that chicken laying hens exhibiting good egg production have more uniform VLDLy particle diameters, in the range from 26 to 54 nm. Conversely, laying hens with poor egg production had larger average VLDLy particle diameters distributed outside this range. In the present report, > 70% of plasma VLDLy particles had diameters from 26 to 54 nm. Thus, laying quail VLDLy size distributions are more disperse (heterogenous) than those observed in Single Comb White Leghorn laying hens, in which only 12.2% of all VLDL were larger than 46 nm (Walzem et al., 1994) . There were no differences in egg production among the three lines during the week of sampling for VLDLy particle size characteristics were measured, and flock egg production rate averaged 86%. However, over the entire 120-d production period, the HP line had a rate of egg production of 67%, in contrast to 90 and 83% in the R1 and LP lines, respectively. It would be of interest to determine VLDLy proper- Means (±SEM) in the same column with no common superscript differ (P < 0.05).
1
Blood samples were taken late in the photoperiod after oviposition and at least 3 d of continuous egg production.
2 R1 = nonselected randombred control line; HP = subline of R1 selected for increased plasma total phosphorus; LP = subline of R1 selected for decreased plasma total phosphorus. Plasma volumes of 100, 25 and 25 µL were used for the LH, T 4 , and T 3 assays, respectively. A plasma volume of 120 µL (plasma from the HP line was first diluted 1:1 with sodium phosphate buffer) was used for the 17 β-estradiol assay.
ties in these quail lines at those time points at which egg production rates differed and were not uniformly high. However, it is also possible that, as a consequence of selection, the shift in VLDLy particle distribution to significantly larger sizes in the HP line reduced egg production relative to the R1 line. Such effects could perhaps be due to size exclusion at the basal lamina of developing yolky follicles, or some other metabolic difference associated with increases in VLDLy diameter. Thus, VLDLy physical properties are seemingly more closely associated with overall reproductive performance than plasma VLDLy concentration per se.
Laying chicken hens' serum was estimated to contain approximately 1.5 mg/mL of VLDLy apoproteins , accounting for 10% of VLDLy fractional composition (Maclachlan et al., 1996) . From 40 to 60% of VLDLy total apoprotein is apo-II and most of the remaining is apo-B . Published results with chickens were similar to those observed in the present study for the R1 line. Because apo-II is induced by estrogen at the onset of lay (Wiskocil et al., 1980) and is coincident with the appearance of smaller VLDLy particles and disappearance of larger VLDL particles (Griffin et al., 1982) , it has been suggested that apo-II acts as a structural stabilizer responsible for the reduction of diameter of plasma VLDLy in laying hens (Nimpf et al., 1988) . Bacon et al. (1978) were the first to note the distinctive metabolic features of laying hen VLDL. No remnant particles of smaller diameter and higher density were formed after laying hens were intravenously injected with labeled VLDLy isolated from laying hens. The biochemical characteristics (Griffin et al., 1982) and role of apo-II in the altered metabolic properties of laying hen VLDLy were demonstrated subsequently.
In contrast to the dimeric conformation of domestic fowl apo-II with molecular weight around 15 kDa in nonreducing conditions, or as a monomer of 6 kDa in reducing conditions, quail apo-II was shown as a monomer with molecular weight around 6 kDA either in a reduced or in a nonreduced SDS gel (Maclachlan et al., 1996) . Reduced and nonreduced apo-II both have the ability to inhibit lipoprotein lipase activity (Maclachlan et al., 1996) , suggesting that the inhibitory effect of avian apo-II is not influenced by dimeric or monomeric conformation. The monomeric conformation with molecular weight around 6 kDa of quail apo-II but not 18.8 kDa (Oku et al., 1993) or 14.4 kDa (Elkin et al., 1995a) was confirmed in the present electrophoretic study. Despite apo-II being an exclusive AP to avian yolk-targeted VLDL-L, apo-B rather than apo-II is the ligand recognized by oocyte VLDL receptor (Nimpf et al., 1988; Hayashi et al., 1989) . The specific oocyte receptor responsible for VLDLy uptake into growing follicles has been designated as oocyte VLDL receptor, classified into the low density lipoprotein receptor super family (Bujo et al., 1995) and identified as the same receptor responsible for vitellogenin uptake (Stifani et al., 1990; Barber et al., 1991) . The similarities of quail oocyte VLDL receptor to chicken oocyte VLDL receptor in Western and ligand blotting studies has also been reported by Elkin et al. (1995b) .
In addition to the two major bands (apo-B100 and apo-II) in the AP profile of plasma VLDLy from mature female quail, a 26-kDa band was also observed in a reduced SDS-PAGE by Elkin et al. (1995a) and was explained as a sample artifact resulting from lyophilization and reconstitution. The possibility that the 29-kDa protein observed in the present experiment might be an artifact of lyophilization and reconstitution or a product of proteolytic cleavage of apo-B by endogenous proteases cannot be excluded. Alternatively, however, apo-AI was reported to be present in a considerable amount in VLDL of male quail (Oku et al., 1993) and to decline to 12% of the AP content of nascent VLDL from estradiol-treated chick hepatocytes as compared to 31% in control hepatocytes (Miller and Lane, 1984) . It is likely that this 29-kDa protein in laying quail VLDLy may be an intrinsic AP corresponding to mammalian apo-AI. Apoprotein-A1 was found in plasma intermediate density and low density lipoproteins from either sexually mature hens (Kudzma et al., 1975; Hermier et al., 1989) or from chicks (Hermier et al., 1985) .
Yolk deposition of VLDLy is achieved through the uptake of plasma VLDLy by growing oocytes (Shen et al., 1993) . The similarity of yolk VLDL lipid composition in the HP, LP, and R1 lines but marked differences in plasma VLDLy compositions of the lines implies a preferential uptake of plasma VLDL with specific composition into growing follicles. Limitations to the type of VLDL that are suitable for yolk deposition is apparent in the reported exclusion of lipoprotein particles larger than 52 nm by the basal lamina at the interface with the granulosa cell layer and increased relative numbers of 30 to 35 nm VLDL particles in this same tissue location . Also, carbon black particles 35 to 60 nm in diameter failed to pass through the basal lamina (Evans et al., 1979) , suggesting that the basal lamina of ovarian follicles may act as both electrostatic and mechanical barriers to the passage of plasma macromolecules through the granulosa layer. Furthermore, isolated preparations of the oocyte VLDL receptor exhibit different affinities for particles containing its ligand protein (apo B) but differ in other physical parameters such as lipid and apoprotein content, size, and charge (George et al., 1987; Nimpf et al., 1988) . Selective binding by the oocyte VLDLy receptor of apo-B containing lipoproteins within the perivitelline space constitutes a separate mechanism for selective uptake by growing follicles.
The large differences in concentrations and the altered fractional compositions of plasma VLDLy among the HP, LP, and R1 lines may have resulted from effects of selection on hepatic VLDLy synthesis and secretion and plasma VLDLy-TG metabolic partition. Such changes may be associated with various enzyme activities of hepatic lipogenesis and fatty acid oxidation as was seen in lines of growing broilers divergently selected for abdominal fat pad weights or VLDL levels (Bannister et al., 1984; Saddoun and Leclercq, 1987; Griffin et al., 1989 Griffin et al., , 1990 and by which the hepatic intracellular fatty acid pools were altered.
Observed line differences in plasma VLDLy levels, composition, and size characteristics were consistent with differences in plasma concentrations of LH, T 3 , T 4 , and 17β-estradiol among the HP, LP, and R1 lines. These results suggest that some of differences in plasma VLDLy characteristics altered by selection were achieved through hormone-mediated alterations in genetic expression of associated regulatory factors. In birds, estrogen induces hyperlipidemia by dramatic elevation of plasma VLDLy levels due to increased hepatic lipogenesis, apo-B and apo-II synthesis, and VLDLy assembly and secretion (Miller and Lane, 1984) . Increased hepatic fatty acid synthesis was reported to be the primary causative factor in the development of estrogen-induced hyperlipidemia (Dashti et al., 1983) . The elevated fatty acid synthesis was correlated with increased acetyl-coenzyme A carboxylase activity (Pageaux et al., 1981) and fatty acid synthetase content and activity (Aprahamian et al., 1979) . In birds, both apo-II and vitellogenin (VTG) genes are absolutely estrogen-dependent (Wiskocil et al., 1980) and both hepatic mRNA and plasma apo-B concentration increased in parallel with estrogen-mediated elevations of fatty acid synthesis (Dashti et al., 1983; Kirchgessner et al., 1987) . Consequently, estrogen is recognized to have the primary role in coordinating liver functions, including the inductions of apo-B and apo-II production, the assembly and secretion of VLDLy, and, in conversion of carbohydrates to TG, leading to hypersecretion of yolk-targeted VLDLy during egg laying.
Lipolytic and lipogenic effects of thyroid hormones are highly involved with thyroid-catecholamine interaction (Spaulding and Noth, 1975) by which adipose tissue and liver expressions or adrenergic receptor type and amount may change with changes in hormonal status (Stiles et al., 1984; Weppelman, 1984) . In sexually immature chickens, the effect of thyroid hormones on de novo lipogenesis was shown to be associated with hepatic nicotinamide adenine dinucleotide phosphate malate dehydrogenase and fatty acid synthetase activities (Goodridge, 1975; Rosebrough et al., 1986) .
In summary, divergent selection for plasma TPP in laying quail was associated with large alterations in concentration and composition of VLDLy, suggesting an altered hepatic lipogenesis, and VLDLy assembly and secretion in association with related physiological parameters. A preferential uptake of yolk-targeted VLDL particles by growing follicles may be responsible for the inclination of the HP, LP, and R1 lines to reach a similar fractional composition of yolk VLDL to maintain an appropriate nutritional composition for potential embryonic development.
